A study of the mass transfer (MT) across an oil/water interface is important for the fundamental understanding of liquid/liquid extraction, biological membranes, and so on. The kinetic analysis of the fast MT of neutral species across an oil/water interface is difficult since the MT occurs during the construction of the oil/water interface. Several efforts have been devoted to the direct kinetic analyses of the fast MT of neutral species. [1] [2] [3] [4] [5] [6] In mm-sized oil/water interface systems, however, the analysis of the overall extraction rate including a fast interfacial process is frequently complicated by nonsteady-state linear diffusion from the bulk solution phase to the interface. In µm-sized droplet/solution interface systems, on the other hand, the MT from the bulk solution phase to the microdroplet surface is steady-state spherical diffusion and is relatively fast. Therefore, the kinetic analysis of the fast interfacial MT can occur in single-microdroplet/solution systems. In this study, we propose single microdroplet injection and potential step electrolysis of the droplet to initiate the MT from the solution to the droplet. We applied the technique to the fast interfacial MT. Electrochemical measurements were performed without supporting electrolytes to demonstrate the interfacial MT as a model of actual liquid/liquid extraction systems. (7 cm 3 ) and put into contact with a gold disk microelectrode (25 µm in diameter), fabricated in a glass capillary (∼70 µm in diameter), using an injection-manipulation system (Narishige Co., Ltd., MN-151, MMW-200/IM-16) under an optical microscope (Nikon Co., Ltd., SMZ-U). As the counter and reference electrodes, Pt wire and Ag/AgCl/NaCl (sat.) electrodes were used. The electrochemical responses of the single droplet were measured by an electrochemical analyzer (BAS Inc., BAS100B/W). All measurements were performed at room temperature (20 -22˚C).
Therefore, the kinetic analysis of the fast interfacial MT can occur in single-microdroplet/solution systems. In this study, we propose single microdroplet injection and potential step electrolysis of the droplet to initiate the MT from the solution to the droplet. We applied the technique to the fast interfacial MT. Electrochemical measurements were performed without supporting electrolytes to demonstrate the interfacial MT as a model of actual liquid/liquid extraction systems.
Experimental
A single tributyl phosphate (TBP) droplet was injected (10 -11 dm 3 ) into an aqueous (ferrocenylmethyl) trimethylammonium bromide (FcN + Br -; FcN + concentration in water ([FcN + (w)]) = 0.5 mM, 1 M = 1 mol/dm 3 ) and NaPF6 (PF6 -concentration in water ([PF6 -(w)]) = 0.5 or 1 mM) solution (7 cm 3 ) and put into contact with a gold disk microelectrode (25 µm in diameter), fabricated in a glass capillary (∼70 µm in diameter), using an injection-manipulation system (Narishige Co., Ltd., MN-151, MMW-200/IM-16) under an optical microscope (Nikon Co., Ltd., SMZ-U). As the counter and reference electrodes, Pt wire and Ag/AgCl/NaCl (sat.) electrodes were used. The electrochemical responses of the single droplet were measured by an electrochemical analyzer (BAS Inc., BAS100B/W). All measurements were performed at room temperature (20 -22˚C).
Results and Discussion
A single TBP droplet was injected and covered on the microelectrode surface. The contact angle between the glass insulator and TBP in water was ∼90˚. A cyclic voltammogram (CV) of a single TBP droplet with dx = 20 µm and dy = 33 µm is shown in Fig. 1 , where dx and dy are the distance from the electrode to the droplet surface normal to the electrode surface and the droplet diameter parallel to the electrode surface, respectively. A current(i)-potential(E) curve corresponding to the oxidation of FcN + to FcN 2+ was sigmoidal, analogous to that observed in a homogeneous solution using a microelectrode. 7 No electrochemical response of FcN + without PF6 -was detected. A cathodic current for the reduction of FcN 2+ was not observed, since the dication would rapidly distribute into the water. When a neutral ferrocene derivative was extracted into a single droplet, the CV was a symmetrical peaked curve, as previously reported. 8, 9 Since extraction of the solute from the water to the droplet was slow (> ∼10 s), the solute was completely electrolyzed during the forward potential sweep in the previous systems. These results indicate that the ion pair extraction of FcN + with PF6 -is fast in the present system (< ∼10 s). In previous reports, the extraction rate was analyzed as the time dependence of the CV (> ∼10 s) due to the slow extraction rate. 8, 9 However, the ion pair extraction of FcN + and PF6 -is so fast that it is difficult to quantitatively analyze the extraction process on the basis of the CV measurements. To determine the fast interfacial MT rate, triple potential step electrolysis was applied to the single droplet/electrode system for the first time. A potential waveform versus time (t) curve and the i-t curve are shown in Fig current (is), indicating that FcN + in the droplet is almost oxidized except for the solute entering the droplet during the steady-state. In the present system, the migration of solutes in the droplet and the potential drop will not be neglected, due to the absence of supporting electrolytes when the current flows through the system. Therefore, the i-t curve was not directly analyzed. After the electrolysis of FcN + , E was stepped to 0.45 V (∆t = tex, tex; extraction time), at which FcN + is extracted into the droplet. E was then changed again to 0.65 V and the i-t curve was measured for calculation of the FcN + molecules in the droplet as the total electric charge (Q = ∫(i -is)dt). Since a charging current due to the potential step from 0.65 V to 0.45 V is negligibly small, that from 0.45 V to 0.65 V will be small compared with the Faradaic current.
Analogous measurements were performed at various tex values for the same droplet and the tex dependence of Q was then plotted (Fig. 3) . The Q value increased with tex and the time required for the saturation of Q increased with increasing 3 ). The overall extraction rate is fast in the present system. The extraction rate is therefore expected to be governed both by the diffusion of the solutes in the bulk phases and by the MT at the droplet/water interface. To separate the diffusion and interfacial MT processes, the Q-tex curve was analyzed on the basis of digital simulations of a hemispherical droplet. We assume that ion pair formation between FcN + and PF6 -does not proceed in the water phase, and that the ion pair and/or the dissociated ions exist in the droplet. The tex dependence of a radial concentration profile (C(r, tex) ) of a solute in the water phase or the droplet is given by Eq. (1).
∂C(r, tex)/∂tex = D[∂ 2 C(r, tex)/∂r 2 + (2/r)∂C(r, tex)/∂r]
( 1) where r is the radially directed spatial coordinate and D is the diffusion coefficient of the solute. In this simulation, the D value of PF6 -in the water or the solutes in the droplet was used as the same values as that of FcN + in water (6 × 10 -6 cm 2 /s) or TBP (2 × 10 -6 cm 2 /s) (determined by separate CV experiments in solution), respectively. The interfacial MT rates from the water to the droplet and from the droplet to the water are assumed to be -(in water), and the total FcN + (in droplet) near the interface, respectively. A and V are the interfacial area and the volume of the droplet, respectively. In actual simulations, C(r, tex) was simulated by a finite form for various k values under the conditions of ∆tex = 0.2 ms and ∆r = 0.5 µm, and the tex dependence of Q was calculated (Fig. 3) . The overall extraction rate increased with increasing k. The calculated Q values fall almost on the same curve at k > ∼50 cm s -1 M -1 , indicating that the rate-determining step of the extraction processes is the diffusion of the solutes in the bulk phases. The simulated curve at k = ∼10 cm s -1 M -1 is in good agreement with the observed Q. It is noteworthy that the k value is independent of [PF6 -(w)]. The interfacial MT rate from the water to TBP at [PF6 -(w)] = 0.5 mM is estimated to be 5 × 10 -3 cm/s. Ions of a simple salt completely dissociated in a nitrobenzene/water system have been reported to transfer individually from water to nitrobenzene, maintaining the electroneutrality of the two phases. 10 The ion extraction rate estimated from the kinetic and thermodynamic parameters of the each ion in the nitrobenzene/water system (10 -1 -10 -2 cm/s) was much larger than that in the present system. 11 On the other hand, since an ion pair would not be dissociated in an oil phase with low dielectric constant (< 10), the ion pair extraction has been reported to depend highly on the ion association in the oil and water phases. 12 The dielectric constant of TBP (8) is much smaller than that of nitrobenzene (36), 13 so the ion association between FcN + and PF6 -in TBP and/or at the droplet/water interface would be significantly related to the interfacial MT rate in the present system.
Using single microdroplet injection and the potential step electrolysis, the relatively fast ion pair extraction of the ferrocene derivative known as a typical redox species could be successfully analyzed without supporting electrolytes. Since Q
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ANALYTICAL SCIENCES SEPTEMBER 2001, VOL. 17 is independent of the electrode reaction rate, interfacial MT measurements of a solute in a single oil-droplet/water system can be performed for irreversible electrode reaction systems also. Therefore, the present technique will be sufficient to kinetically analyze the microscopic mechanisms of actual ion pair extraction systems using tris(1,10-phenanthroline)iron(II), Methylene Blue, and so forth.
